breasts. Negative associations uncovered included the observation that the sounds 'b' and 'm' are unlikely to be present in the word for teeth. However, some of the associations identified are particularly hard to fathom, such as 's' for dog (such as canis in Latin) or 'a' for fish (like pescado in Spanish).
Where does this leave the debate between the views of Socrates and de Saussure? As de Saussure argued, most of the sounds in words remain arbitrary, but these data from Blasi and colleagues indicate that matches of sound to sense might be more widespread and pervasive than has been discovered by previous smaller-scale approaches.
The underlying processes driving these biases between sound and meaning remain a topic for future research. It seems possible that some of these connections reflect the shared sensory and cognitive biology of our species, which over time filters out 'bad' words that don't sound right, and favours words that have a good fit between sense and sound. Over many generations, this filtering will result in selection of variant words and pronunciations, leading to a process of cultural evolution in which words obeying Socrates' dictum -that good words have sounds that suit their meaning -will have a higher probability of persisting. This hypothesis can be easily tested in laboratory experiments exploring cultural evolution [7] [8] [9] (like slime, sludge, slum or slander).The non-arbitrary sound-meaning associations studied by Blasi et al. belong in the category of sound symbolism.
Most previous studies of sound symbolism have explored less than 100 languages. Blasi and colleagues started by assembling phonetically transcribed word lists from an enormous variety of languages. They prepared more than 6,000 lists of about 30 basic words and their meanings, as well as conducting a detailed examination of 328 word lists containing 100 items. There is no clear dividing line between a 'dialect' and a 'language' -linguists often quip that a language is a dialect with an army and a navy. Nonetheless, these lists cover roughly 60% of the world's languages and 85% of family groups of related languages (such as the Romance language-family grouping that includes Italian, French and Spanish). Although the lists are short, they encompass much of the basic vocabulary in each language and represent the most common nouns and verbs.
Blasi et al. then searched these lists for systematic biases in the probability of particular sound-meaning associations (controlling for the biases expected as a result of the overall occurrence of the sounds). They aimed to find robust, widespread sound-symbolic phenomena, and screened out associations found in only one or a few languages. They also aimed to take into account such factors as language relatedness, word length or language-specific constraints.
The result was a surprisingly long list of robust, widespread sound-meaning associations. Reassuringly, Blasi and colleagues found that the vowel /i/ is widely associated with small size, and 'r' with roundness, as noted by previous researchers [4] [5] [6] . Other positive associations found by the authors also seem intuitive, such as 'n' for nose, 'l' for tongue (as in 'lingual') and 'm' in words for mother or When asked which of the shapes shown are probably named 'bouba' or 'kiki' in an unfamiliar foreign language, people consistently choose the rounded shape (blue) for bouba and associate the sharp-edged shape (green) with kiki 3 (bouba and kiki are invented words). This link between the consonants 'b' and 'k' and round and sharp shapes, respectively, is consistently found in speakers of different languages, and occurs when other invented words are tested 5 : for example, 'baluma' is also associated with the rounded shape. Blasi et al. 2 find that such relationships between the sound and meaning of words are more common and widespread than previously suspected.
PARTICLE PHYSICS

Axions exposed
Physicists are hunting for a particle called the axion that could solve two major puzzles in fundamental physics. An ambitious study calculates the expected mass of this particle, which might reshape the experimental searches. See Letter p.69
T he strong nuclear force binds the constituents of protons and neutrons together and is well described by a theory called quantum chromodynamics (QCD). Within experimental error, the strong force is time-symmetric -the behaviour of strong interactions does not change if the flow of time is reversed. However, the equations of QCD might contain a symmetry-violating term that can theoretically take any value. And nature has chosen to set this term to zero. Why is this? The leading explanation is that the term is not zero, but is cancelled out by the presence of a 'neutralizing' particle called the axion [1] [2] [3] , which has yet to be discovered. Such a particle could also solve a long-standing problem in cosmology by making up dark matter, the 'missing' matter in the Universe. On page 69, Borsanyi et al. 4 calculate the expected mass of the axion with unprecedented accuracy, a result that could be useful for understanding the properties of this mysterious particle and directing strategies for its detection 5 . If axions exist, they would have been produced abundantly during the earliest moments of the Big Bang. Determining the expected mass of this particle therefore requires knowledge of the properties of QCD Calculating the present-day axion mass requires knowledge of the relationship between the temperature of the Universe and the time elapsed since the Big Bang. Borsanyi and colleagues' work studies the physics of QCD up to temperatures of more than 10 15 kelvin, whereas most lattice simulations [6] [7] [8] [9] [10] are limited to temperatures of less than about 7 × 10 12 K. The authors discuss the temperatures at which 'charm' and 'bottom' quarks contribute to the thermodynamics of the system, in addition to the contributions of the other elementary particles. The final results are obtained thanks to a skilful combination of state-of-the-art lattice simulations and other theoretical analyses.
Finally, Borsanyi et al. combine their results to obtain a prediction that the axion mass (expressed in energy units based on the electronvolt; eV) lies between 50 and 1,500 µeV (Fig. 1) . If the authors' findings are robust, they will help to guide experimental searches. Current experiments that look for axions 11 either try to convert these particles into electromagnetic pulses or observe the effect of axions on the spin of neutrons -in both cases, assumptions need to be made regarding the expected mass.
The accuracy of Borsanyi and colleagues' results demonstrates the power of their numerical approach and highlights the pivotal role that strong interactions might have in shaping our Universe, by providing a candidate for dark matter. Credit must also be given to other researchers in the field who paved the way for this work by studying lattice topology and its connection to high-temperature QCD. The authors' work emphasizes that numerical studies need to be triggered and guided by a deep understanding of the underlying physics, but that this can lead to impressive results.
Like experimental data, numerical work should be validated by independent studies, because subtle systematic errors might have a substantial impact on the results. As we have seen, the first step to take when studying strong interactions by numerical means is to discretize their dynamics and then take the system to the continuum limit in a wellcontrolled way. This is highly complex, and is a subject of research in itself. Different discretization methods need to be explored, and the strategy designed by Borsanyi et al. must be further analysed and applied in other, similar work. Let us hope that this remarkable study will motivate researchers to further investigate the properties of the axion, with the aim of giving experiments the robust theoretical input that they need. ■ Maria Paola Lombardo is at the Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy. e-mail: lombardo@lnf.infn.it at extremely high temperatures. At such temperatures, the axion mass would be timedependent and proportional to the square root of a quantity called the topological susceptibility. As the Universe expanded and cooled, the mass would have become constant. Consequently, a detailed understanding of both the thermodynamics of QCD (in particular, the temperature dependence of the topological susceptibility) and the expansion of the Universe is necessary to predict the presentday axion mass.
The topological susceptibility can be calculated by exploiting the lattice formulation of QCD. In this approach, space-time is considered to be a four-dimensional grid of discrete points, rather than a continuum. Elementary particles called quarks reside at these points, whereas gluons -the particles that bind quarks together -exist on the links between them.
The next step is to determine how the system of quarks and gluons fluctuates between different 'topological sectors' . A topological sector is analogous to a ribbon that has a specific number of twists. In a space-time continuum, the ribbon is a closed loop and the number of twists is fixed -fluctuations between topological sectors cannot occur. However, in lattice QCD, the system is discretized. The ribbon is 'broken' into many pieces and the number of twists can change -fluctuations between sectors can easily occur. The topological susceptibility can be computed by considering all of the sectors, but this will not be the correct result for continuous space-time.
By contrast, pushing the system towards the continuum limit implies that the fluctuations will become increasingly less likely. In the continuum, the system will be 'frozen' in one particular topological sector, and the susceptibility can no longer be calculated. There are further issues that need to be addressed in the calculation, but even at the simplified level of the above discussion, it is clear that studying the topological properties of QCD is a formidable challenge [6] [7] [8] [9] [10] . Nevertheless, Borsanyi and collaborators compute the topological properties of hightemperature QCD with a remarkable degree of accuracy and sophistication. They achieve this, thanks to an admirable combination of new ideas and an ingenious use of established techniques. The authors' main technical improvement with respect to other studies [6] [7] [8] [9] [10] is a beautiful strategy to overcome the problems associated with the reduced number of fluctuations between different topological sectors when approaching the continuum limit. Rather than waiting for fluctuations to occur, the authors perform simulations in a fixed sector, estimate the probability of fluctuations between sectors and then reconstruct the topological susceptibility for a wide range of temperatures. 4 have calculated the expected mass of a hypothetical particle called the axion. Assuming that axions account for dark matter -the 'missing' matter in the Universe -the authors determine that the mass of these particles (expressed in energy units based on the electronvolt; eV) must be between 50 and 1,500 μeV. Also shown are estimates of the projected sensitivities of four experiments that have been either proposed or commissioned to look for axions 4 ,11 . 
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